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implementation of the regularization of the long-range parts of the 3NF at N 3 LO which represents the major challenge. To ensure that the results for 3NF matrix elements are numerically stable we follow different computational strategies by performing calculations independently in coordinate and momentum spaces. First benchmarks at the level of the N 2 LO 3NF have already been successively performed, and the implementation of the N 3 LO terms is in progress. In parallel to these developments, we have also worked out the corresponding electromagnetic, axial and pseudoscalar nuclear currents up to N 3 LO [9] , [10] , see also [11] , [12] and references therein for a related work by the JLab-Pisa group (whose results differ from ours). Similarly to the 3NFs, the resulting exchange currents need to be regularized and partial-wave decomposed. Special care is required to ensure that the symmetries, which manifest themselves in the form of the continuity equations, are not destroyed by regularization. This issue is particularly important for electroweak processes such as e.g.
3 H β-decay and µ-capture on 2 H, 3 H and 3 He, for which parameter-free predictions can be made at the level of N 3 LO (once the strength of the 3NF LEC c D is fixed in the strong sector).
In summary, the outline developments within the LENPIC Collaboration towards the implementation of the 3NFs and current operators derived in the framework of chiral EFT open the way for precision calculations of light and medium-mass nuclei with quantified theoretical uncertainties.
It is a pleasure to thank the whole LENPIC for enjoyable collaboration and the Kraków group for the excellent organization of the meeting. During the recent years there has been considerable effort to derive novel nuclear interactions within chiral EFT. In particular, in Refs. [1] , [2] a novel way of regularizing nuclear forces was proposed. In contrast to previous nuclear forces, which employed a non-local momentum-space regulator, the new way of regularizing the long-range parts of the interaction in a local way leads to significantly reduced cutoff artifacts and also preserve the analytic structure of the scattering matrix close to pion threshold. First calculations for light nuclei based on these new NN forces are very promising [3] .
Calculation of semilocal 3N interactions up to
For consistent structure and reaction calculations up to N 2 LO and N 3 LO it will be crucial to also include contributions from three-nucleon (3N) interactions. Recently we made significant progress in generalizing the new semi-local regularization scheme to 3N forces. Using the new efficient framework for calculating unregularized 3N interactions presented in Ref. [4] we implement the local coordinate-space regularization V reg (r 12 , r 23 , r 13 ) = R(r 12 , r 23 , r 13 )V (r 12 , r 23 , r 13 ) in form of convolution integrals in momentum space:
Here r ij represent the relative distances of the three particles, R is the regulator function and p and q (p ′ and q ′ ) are the Jacobi momenta of the initial (final) state, respectively. Recently we resolved the numerical challenges related to the practical numerical calculation of the integrals and have now finished the calculation of all partial-wave matrix elements at N 2 LO. Next we will explore their effects in few-and many-body calculations and then compute all matrix elements up to N 3 LO. The ab initio description of light and medium-mass nuclei starting from twoand three-nucleon interactions derived within chiral effective field theory is one of the most dynamic fields in nuclear theory today. For light nuclei, i.e., the p-shell and selected sd-shell nuclei, the no-core shell model (NCSM) with importance truncation provides access to all relevant nuclei and observables [1] , [2] , [3] , [4] , including ground and excited-state energies, radii, density and momentum distributions, and all electromagnetic and weak observables. The sole limitation and source of uncertainty in the NCSM is the convergence of the observables with increasing size of the many-body model space. In order to enhance this convergence, we routinely use similarity renormalization group (SRG) transformations of the Hamiltonian and all relevant observables up to the three-nucleon level [5] . In combination, SRG-evolved operators and the NCSM provide a very efficient, robust, and universal tool to study ground-state and spectroscopic observables in all p-shell nuclei. This is an ideal framework for characterizing and constraining next-generation chiral interactions beyond the few-body domain. Traditionally, few-body calculations for bound-state and scattering observables are being used to fit and test new NN+3N interactions. Ab initio NCSM calculations of p-shell nuclei access a new domain of observables that are highly sensitive to different aspects of the input interactions and, thus, provide important additional information on the performance of the interaction that is not accessible in the few-body sector. We can, e.g., probe the spin-orbit and tensor structure through excitation spectra and spectroscopy for states with larger angular momenta, the isospin dependence of the interaction through isospin chains, and the saturation properties through ground-state energies and radii in the upper p-shell.
In order to use p-shell nuclei for testing and constraining the consistent NN+3N interactions up to N3LO constructed within the LENPIC collaboration [6] , [7] , [8] , we first need to identify a set of observables that depend sensitively on details of the interaction. In addition to sensitivity to the interaction, these observables should be easily accessible in a consistent way starting from the chiral EFT inputs. This makes ground-state and excitation energies particularly well suited, since they show a good convergence and need no additional input from chiral EFT, unlike electroweak observables that require two-body current contributions consistent with the interaction. Therefore, we explored ground-state and excitation energies of low-lying states with a range of different nuclei using a variety of previous-generation chiral NN+3N interactions. Using 6 Li and 12 C as examples, we discussed results on the sensitivities of excitation energies [9] . With preliminary versions of the consistent chiral NN+3N interactions at N2LO with semi-local regulators, we started to explore the dependence of the same excitation energies on the three-body low-energy constant (LEC) c D , fixing the corresponding c E from a fit to the triton ground-state energy. These exploratory calculations confirm the picture of the previous survey with other interactions [9] regarding the sensitivity of individual excited states on the interaction. Working towards the final versions of the LENPIC NN+3N interactions up to N3LO, we propose to use ground-state and excitation energies of p-shell nuclei as additional diagnostic during the fit of the three-body LECs. Though the eventual fit will preferentially focus on few-body observables, monitoring these many-body observables will help to to understand their dependence on individual LECs and the impact of the regulator scheme and scale. Furthermore, many-body observables can provide additional guidance for the choice of LECs, particularly if the few-body observables within their uncertainties do not constrain the LECs sufficiently. We advocate a comprehensive consideration of few-and many-body observables including their theoretical uncertainties when determining optimal parameter ranges for the LECs. Solving 3N scattering exactly in a numerical sense up to energies below the pion production threshold allows one to test the 3N Hamiltonian based on modern NN potentials and 3NF's. At higher energies (above ≈ 60 MeV) for some observables large 3NF effects are predicted when standard NN interactions (AV18 [1] , CDBonn [2] , NijmI and II [3] ) are combined with (semi)phenomenological models of 3NF's such as TM [4] or Urbana IX [5] ). The large discrepancy between the theory and experimental data for the total cross section and in the minimum of the elastic scattering cross section obtained with NN forces only, seen for energies above ≈ 60 MeV, is removed for energies below ≈ 140 MeV when 3NF's, which reproduce the experimental triton binding energy, are included [6] , [7] . A similar behavior shows up for the high energy deuteron vector analyzing power A y (d) [7] . But there are many spin observables for which large 3NF effects are predicted and where the TM and the Urbana IX 3NF do not reproduce the data [7] . This is the case e.g. for the nucleon analyzing power A y [7] and for the deuteron tensor analyzing powers [7] . In none of these cases the data can be reproduced by pure 2N force predictions.
The large discrepancies at higher energies between data and theory in elastic Nd scattering which cannot be removed by taking into account standard 3NF's require to study the magnitude of relativistic effects. They were found to be small for the elastic scattering cross section and negligible for spin-observables at higher energies [8] .
The small size of relativistic effects indicates that very probably the short range contributions to the 3NF are responsible for the higher energy elastic scattering discrepancies. The recently constructed new generation of chiral NN potentials up to N 4 LO with an appropriate regularization in the coordinate space [9] , [10] made it possible to reduce significantly finite-cutoff artifacts present when using the nonlocal momentum-space regulator employed in the chiral NN potentials of Refs. [11] , [12] . Application of these new NN potentials does not lead to distortions in the cross section minimum of the higher energy elastic Nd scattering that were found in Ref. [13] .
Application of improved chiral NN interactions up to N 4 LO order of chiral expansion [14] combined with N 2 LO 3NF's supports conclusions obtained with standard forces. The observed pattern of higher energy discrepancies between data and theory resembles that obtained with standard forces. It can be expected that an application of consistent chiral NN and 3NF's up to N 3 LO will play an important role in understanding of elastic scattering and breakup reactions at higher energies.
At low energies effects of a 3NF are rather small and some serious discrepancies to data remain even when a 3NF is included. The prominent examples are the vector analyzing power in elastic Nd scattering and cross sections for symmetric-space-star (SST) configuration of the Nd breakup [15] . They present serious problem for explanation in terms of present day forces. For SST at 13 MeV the nd [16] and pd [17] breakup data clearly differ and are far away from theory. The calculations of the pd breakup with inclusion of the pp Coulomb force [18] revealed only very small Coulomb force effects for this configuration. Since at that energy the SST configuration is practically dominated by S-wave NN force components, the big difference between pd and nd data could suggest large charge-symmetry breaking in the 1 S 0 partial wave. On the other hand the discrepancy to theory would imply that our knowledge of the 1 S 0 pp and nn low energy forces is probably insufficient. In view of the current developments to derive nuclear interactions from chiral effective field theory [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] the improvements of the No-Core Shell Model (NCSM) based ab initio approaches are of particular importance. Concepts such as using Importance-Truncated (IT) model spaces applied in the IT-NCSM [9] , [10] allow us to study spectroscopy of bound-state systems throughout the p-and lower sd-shell within controlled approximations. In particular, the consideration of cluster formations in certain nuclei that is exploited in the NCSM with Continuum (NCSMC) [11] , [12] , [13] enables us to study weakly-bound systems, resonances and nuclear reactions on the same footing. The nuclear systems that can be computed with these ab initio methods often show a strong sensitivity to the details of the nuclear interactions and thus can be used to probe and constrain them. By introducing modifications of the chiral 3N interactions and studying chiral interactions that differ in the chiral order truncation, the regularization scheme and the fit procedure of the chiral constants [1] , [2] , [3] , [4] , [5] , [6] , [7] , [8] we can perform a first step towards an uncertainty analysis in nuclear spectroscopy and moreover identify a strong correlated sensitivity of observables such as the excitation energy of the first 1 + state in 10 B and 12 C [14] . An accurate description of the low-lying spectrum in the 11 Be system that is dominated by an n + 10 Be halo structure has been proven to be extremely challenging [15] . With state of the art ab initio NCSMC calculations we demonstrate that the reproduction of the parity inversion for the two weakly-bound states depend on the details of the chiral NN and 3N interactions. The best reproduction of the energy spectrum and E1 transitions in 11 Be including the parity-inversion properties is achieved with the N 2 LO SAT interaction [8] that generally shows a good reproduction of long-range properties such as radii for this mass regime.
Due to the inclusion of explicit 3N interactions, the computational costs of the NCSMC calculations limits the applications range and number of interactions that can be investigated. However, by combining the concept of the NCSMC and the multi-reference normal-ordering (MR-NO) approach [16] allows us to include the 3N interactions in an approximative manner that is extremely accurate and reduces the computational costs by about two orders of magnitude. This new development allows us to increase the mass number and study as a first example the 12 N system that is dominated by the p+ 11 C structure, but also revisit lighter reactions such as n + 4 He for the large number of novel chiral potentials. The splitting of the P 3/2 and P 1/2 n+ 4 He phase shifts shows a strong sensitivity to the 3N force and constitutes an ideal candidate to constrain future chiral interactions. In effective field theories, free parameters known as low-energy constants (LECs) emerge, which are not constrained by symmetry and instead have to be fixed by experimental data. In the case of our improved chiral NN potential [1] , [2] , the nucleon-nucleon (NN) contact LECs have (up to now) been determined by a phase shift fit to the Nijmegen partial-wave analysis [3] . To overcome any possible model dependence of the Nijmegen analysis and to account for scattering data published after it, we determine the LECs here directly from experimental neutron-proton and proton-proton scattering data. We employ the same treatment of electromagnetic effects as in [3] . The experimental data are taken from the 2013 Granada database [4] of mutually compatible scattering data. In order to extend the energy range of the fit to T lab = 0 − 300 MeV and to account for the decreasing accuracy of the chiral expansion at higher energies, we estimate the theoretical uncertainties of the scattering observables, as detailed e.g. in [1] , and combine them with the experimental errors.
A small set of high-precision proton-proton data at T lab > 140 MeV can not be described to its experimental precision by the N 4 LO predictions (although the deviation lies within the theoretical uncertainty). In order to probe the sensitivity of these observables to partial waves which are not parametrized at N 4 LO, we introduce a N 4 LO + potential, which differs from the one of [1] by the inclusion of N 5 LO contact terms in F-waves. We find that the description of the aforementioned outliers is significantly improved and we are now able to describe, after fitting, all proton-proton scattering data in the range of 0-300 MeV with a χ 2 /datum of 1.04, while for neutron-proton data we have a χ 2 /datum of 1.11. The obtained phase shifts are in good agreement with the Nijmegen and Granada analyses and the description of experimental data at N 4 LO + is comparable to the one of high-quality phenomenological NN potentials, in terms of precision.
[3] V. G. J. Stoks Since our goal is to preserve predictive power with quantified uncertainties, it is important to have a solid grasp of all sources of theoretical and numerical uncertainty. I survey uncertainties that appear in current applications of the ab initio No-Core Shell Model (NCSM) [1] , [2] , [3] with Hamiltonians developed in Chiral Effective Field Theory (χEFT) [4] , [5] , [6] , [7] .
Under the banner of uncertainties associated with χEFT, I include several topics and comments:
• Fitting of LECs, NN data error propagation [8] (other LENPIC teams)
• Choice of regulator (results presented here are for R = 1.0 fm so far)
• Truncation at a fixed Chiral order (presenting here a revised method to estimate the uncertainty for the ground state energies of nuclei)
• Numerical uncertainty at fixed [N max , Ω] ( 1 keV in total gs energy)
• Extrapolation uncertainty (new results here for gs energies) [9] , [10] Under the banner of uncertainties associated with the NCSM, I also include several topics and comments:
• Truncation vs OLS renormalization applied to the effective operators (large effects shown here)
• Rank of OLS-derived operator truncation (2-body, 3-body, . . . )
• Other approximations, if adopted, such as normal ordering approximation, importance truncation, . . .
The main conclusions are twofold:
• Uncertainty versus chiral order appears consistent when adopting an average relative momentum scale from the ground state total relative kinetic energy to define a nucleus-dependent chiral expansion parameter Q.
• OLS succeeds in renormalizing the IR and UV scales in initial applications to electroweak operators.
The outlook for these lines of investigation are promising and include:
• Novel approach to scattering is now established and used to predict the tetraneutron. This opens a path for scattering applications with chiral interactions in light nuclei [11] , [12] .
• Major additional efforts are needed to develop and apply these methods: effective Hamiltonians, effective electroweak operators, many-body methods, computational algorithms, . . . Glöckle et al. started to study [1] relativity in the three-nucleon (3N) system under the Bakamjian-Thomas formalism [2] , which belongs to the relativistic quantum mechanics and is dictated by the Poincaré algebra. Since a relativistic two-nucleon (2N) potential is not easily provided, we need some schemes which would allow us to transform a nonrelativistic potential into the corresponding relativistic one. Such schemes are required to fulfill the condition that the generated relativistic potential yields the same observables in the 2N system as the original nonrelativistic potential. There are two schemes which satisfy that condition. One was proposed by Coester et al. [3] and we call it the CPS scheme. It requires a solution of a nonlinear integral equation, which can be achieved numerically by an iteration method [4] . The other scheme is a momentum scaling method (MSM) [5] , realized by an elaborate change of momentum variables. The above-mentioned schemes are examples of simple transformations, while we are actually interested in a comparison between the original nonrelativistic and the modified relativistic potential predictions in the 3N system. In the case of the triton binding energy we have already shown this comparison [6] , demonstrating that the difference is smaller when the CPS scheme is employed.
I am especially indebted to
On the other hand, the Kharkov model [7] provides directly the relativistic 2N potential so no transformation scheme is needed in this case.
At this workshop we present the relativistic results of the triton binding energies not only for the Kharkov potential 1 but also for the new N4LO chiral potential [8] and, additionally, for the older realistic CDBonn potential [9] . In Table 1 the triton binding energies for these potentials, are demonstrated.
Using the CDBonn potential and the Tucson-Melbourne 3N force we have investigated the Nd elastic scattering [10] . Relativistic calculations [10] , [11] , [12] show only small effects for elastic scattering cross sections and practically no effects for spin observables. Relativistic effects in the nucleon-induced deuteron Permanent electric dipole moments (EDM) of fundamental particles violate both time invariance T and parity P. Assuming the CPT-theorem, this leads to CP violation, which is needed to explain the matter over antimatter dominance in the universe. Standard Model predictions for this EDM lead to extremely small value -typically many orders of magnitude below current experimental limits. However, extensions of the Standard Model, e.g. Supersymmetric Models, predict much larger EDM. The observation of non zero EDM would represent a clear sign of new physics beyond the Standard Model. Researchers have been searching for EDM in neutral particles, especially neutrons, for more than 50 years, by trapping and cooling particles in small volumes and using strong electric fields. Despite an enormous improvement in sensitivity, these experiments have only produced upper bound which currently is 10 −26 e·cm for the neutron. Theoretical models predict many CP-violating mechanisms and therefore, not only the neutron EDM measurement is important, but so are other hadrons and (light) nuclei, e.g. the proton, deuteron, 3 He, etc. This will help to isolate the specific CP-violating source(s). Recently, the two-nucleon contributions to the deuteron EDM were calculated in the framework of effective field theory up-to-and-including N2LO [1] .
The JEDI (Jülich Electric Dipole moment Investigations) collaboration [2] has started investigations of a direct EDM measurement of charged hadrons at a storage ring [3] , [4] . The basic idea is to align the beam polarization along the momentum, and keep the beam circulating while interacting with the radial electric field always present in the particle frame. The EDM signal would then be detected as tiny changes (at the level of a microradian) in the vertical polarization during its storage time. To measure such small effects one needs to build a dedicated high precision polarimeter. To reach a required sensitivity of 10 −29 e·cm, the polarimeter system must fulfill the following requirements: very stable long-term (long beam storage time), efficient (up to 1%), sensitive to the vertical and horizontal polarization components (high analyzing powers of at least 0.5) and strong radiation hardness. To meet to above expectations in a first step the 12 C( d, d) tensor and vector analyzing powers in the energy range 170-380 MeV were measured with the use of the WASA Forward detector at COSY [5] . These data will be used to produce realistic Monte Carlo simulations of detector responses for the polarimeter design. In parallel, the prototype of the polarimeter is under the development at COSY.
Two pure vector states (- ) were used in the experiment. The vector and tensor polarizations were first calibrated using the data at 270 MeV [6] . For the vector state the polarization was about 85% of maximum and for the tensor 50% and 83%, respectively. Using the so-called "cross ratio" [7] , which nominally cancels the systematic errors up to second order [8] , A y and A yy were calculated. In Fig. 1 the preliminary data obtained are presented, together with the data used for the calibration [6] . The vector and tensor analyzing powers were obtained at different energies of 270 MeV and above. In a peak A y achieves value of about 0.8 and remains the same for all energies. In the case of A yy the sensitivity is less. 
Nuclear currents in chiral effective field theory Hermann Krebs
Institut für Theoretische Physik II, Ruhr-Universität Bochum, 44780 Bochum, Germany Chiral effective field theory (EFT) is a powerful tool for description of low energy nuclear phenomena. Based on the symmetries of Quantum Chromodynamics (QCD) it provides a systematic expansion of the nuclear forces in small momenta and masses scale.
Within chiral EFT nuclear vector and axial vector currents have been analyzed by different groups up to the order Q in the chiral expansion (N 3 LO). The currents have been calculated by using time-ordered perturbation theory (TOPT, see [1] and references therein) and a method of unitary transformations (UT, see [2] and references therein). In our recent work within UT [2] we analyzed the axial vector current and compared our results with TOPT results. We found discrepancies for two-pion exchange contributions. It remains to be seen if there exists a unitary transformation which would bridge TOPT and UT results.
Within UT method we found a large unitary ambiguity for the axial vector current which is mainly caused by pion-pole contributions. These contributions are coming from pion-production substructures. If we require pion-production substructures of the axial vector current and the three-nucleon forces to be the same (we call this requirement matching condition) and additionally require the currents to be perturbatively renormalizable we arrive at a unique result. All unitary phases become fixed by these two conditions.
In practical implementation the currents need to be regularized. Their regularization, however, should be chosen consistently with the nuclear forces. Matching condition suggests the same form of the regulator as in the nuclear forces. The chiral symmetry, on the other hand, provides an additional constraint which is the continuity equation. We propose for future investigations to force the continuity equation to be exactly (not only up to higher order terms) fulfilled for regularized currents (Siegert approach). Only in this case the cutoff dependence of the low energy constant C D in the axial vector current and the thee-nucleon forces will be the same. Numerical implementation within the proposed line are underway.
Jacobi No-core Shell Model for Hypernuclei Hypernuclei have recently attracted a lot of attention due to new experimental data. Ongoing experiments at international facilities like JPARC, JLAB, Mainz and FAIR are expected to provide more accurate information on hypernuclear structure. To establish a direct link between these data and properties of the hyperon-nucleon (YN) interaction, theoretical predictions for these hypernuclei based on realistic YN interaction models are vital.
In this talk, we presented our recent work on no-core shell model for light hypernuclei using a harmonic oscillator (HO) basis in Jacobi coordinates. The special properties of HO states allow an exact antisymmetrization of the basis [1] . Our calculations are based on realistic chiral nucleon-nucleon (NN) interactions up to fifth order [2] and YN ones up to second order [3] , [4] in the chiral expansion. The similarity Renormalization Group (SRG) is applied to NN and YN interactions to speed up the convergence. We showed our first results for the Λ separation energies E b of 4 Λ He, 5 Λ He and 7 Λ Li. We found that in both orders, zeroth (LO) and second (NLO), YN interactions with with SRG strongly overbind the light hypernuclei. NLO order in general leads to smaller separation energies than LO. Furthermore, the SRG for both YN interactions induces sizable higher-body (YNN, or even YNNN) forces. Similar results for LO order are also obtained in [5] .
The impacts of NN interactions on the separation energy E b are also discussed in detail. The effect of NN forces and NN-SRG on E b is negligible for The so-called "three-dimensional" approach is an alternative to partial wave calculations with applications in few-nucleon physics. It was successfully applied to various problems e.g. two-nucleon scattering [1] , [2] or deuteron [1] and triton [3] bound state calculations. It was also used to calculate observables in processes that involve electro-weak probes like electron [4] and muon [5] induced deuteron disintegrations. Recently we performed "three-dimensional" calculations of neutron-deuteron scattering observables, in both the elastic and breakup channels, using an approximate solution of the Faddeev equation [6] . We compared partial wave and "three-dimensional" results and concluded that the partial wave observables converge slowly for certain kinematical configurations of the deuteron breakup at higher energies. This motivates us to construct complete "three-dimensional", three-nucleon scattering calculations for the full solution of the Faddeev equation.
In order to perform practical calculations related to nucleon-deuteron scattering without resorting to partial wave decomposition we developed a general operator form of the scattering amplitude pq |Ť | φ whereŤ is the threenucleon transition operator, | φ is an initial product state composed from a deuteron and a free nucleon, and p, q are Jacobi momenta in the final state. This amplitude is an element of the Faddeev equation:
whereP is a permutation operator andť is the two-nucleon transition operator satisfying the Lippmann-Schwinger equation. It has the following general operator form [7] :
with τ γ 3N r (p, q, q 0 ) being scalar functions of the two Jacobi momenta in the final state and the free nucleon momentum q 0 ,Ǒ r (p, q, q 0 ) being one of 64 spin operators [7] and | γ 3N being one of the possible three-nucleon isospin states. Using the general form (1), the scattering amplitude is defined by the set of scalar functions τ γ 3N r (p, q, q 0 ). Rewriting the Faddeev equation using (1) leads to a significant reduction of numerical complexity and we hope that it will allow us to construct full "three-dimensional", three-nucleon scattering calculations.
This will extend the applicability of the "three-dimensional" formalism to test three-and many-body nuclear forces derived from chiral effective field theory [8] , [9] , [10] , [11] .
Advances in the In-Medium Similarity Renormalization Group With the advent of nuclear interactions derived from chiral EFT and their early successes in the description of p-shell nuclei in the No-Core Shell Model (NCSM) [1] , the ab initio description of medium-mass nuclei with chiral NN+3N interactions moved into the focus of several research groups worldwide.
A very successful approach is the In-Medium Similarity Renormalization Group (IM-SRG) which aims at decoupling an A-body reference state |Ψ ref from all particle-hole excitations. This can be achieved via a continuous unitary transformation of the Hamiltonian. An important aspect of the IM-SRG is that the Hamiltonian is normal ordered with respect to the reference state and typically truncated at the normal-ordered two-body level. In this way, 3N interactions can be naturally included in a normal-ordered two-body approximation.
A great asset of the IM-SRG is the flexibility and simplicity of its basic concept. Through different choices of generators and decoupling patterns, the numerical characteristics and efficiency of the methods can be controlled and tailored for specific applications. The IM-SRG evolved Hamiltonian is easily accessible, hermitian, in contrast to e.g. coupled-cluster approaches, and can be used for subsequent calculations.
We have first applied this ab initio method for the description of ground states of closed-shell nuclei with chiral NN [4] and NN+3N interactions [5] . Going beyond the closed-shell or single-reference version we have generalized the IM-SRG to an open-shell or multi-reference formulation [9] . This multi-reference IM-SRG is based on a multi-reference version of normal ordering and Wick's theorem proposed by Kutzelnigg and Mukherjee in quantum chemistry [2] . Furthermore, we have merged the IM-SRG with the NCSM leading to the IM-NCSM. This novel ab initio many-body approach uses multi-reference IM-SRG evolved operators as input for a subsequent NCSM calculation and, as we have shown in [3] comes along with a great improvement of the model-space convergence of the subsequent NCSM calculation. In Fig.2 we have used the IM-NCSM for the calculation of ground state energies of the even isotopes of the carbon and oxygen chain. Thus, we have advanced the IM-SRG to a versatile tool for the calculation of spectra and spectroscopy of medium-mass nuclei, both closed-and open-shell. We are investigating extensions of this IM-NCSM approach that will allow us to overcome some of its limitations which are related to the choice of the reference state. Overcoming these limitations would enable us to explore the whole medium-mass regime of the nuclear chart. In the context of the consistent NN+3N interactions with semi-local regulators up to N 3 LO developed within the LENPIC collaboration [6] , we will apply the IM-SRG for exploring the order-by-order convergence of the chiral EFT expansion in the medium-mass regime for the first time. We will extract systematic EFT uncertainties for the ground-state and excitation energies as well as radii of medium-mass systems. Thus, we will be able to give a complete and systematic quantification of theory uncertainties from the chiral interaction up to the many-body method.
The OPE-Gaussian force in elastic Nd scattering A reliable estimation of theoretical uncertainties becomes an increasingly important issue in nuclear physics. The most relevant sources of such uncertainties are the inaccuracies of the potential parameters extracted from experimental data, the uncertainties related to theoretical approaches and finally the imprecision inherent to numerical methods. Truncation errors in studies performed with nuclear forces derived within the chiral effective field theory are an example of the errors arising from the applied theoretical framework. A prescription to estimate such uncertainties has been proposed recently in [1] for the two-nucleon (NN) system and in [2] for three-nucleon (3N) observables. An estimation of errors stemming from a given numerical scheme is also possible and many computer science methods can be applied here [3] . However, it is expected that numerical computations are performed with a high precision and these types of uncertainties can be relatively easily minimized.
The propagation of theoretical uncertainties from the NN force to many-body observables is an open question. The recently developed the One-Pion-ExchangeGaussian (OPE-Gaussian) potential [4] delivers a unique opportunity to study this issue. This is because of extensive attention paid by the authors of Ref. [4] to determine statistically well defined uncertainties of the potential parameters.
In this contribution we announce our project for using the OPE-Gaussian force to study nucleon-deuteron (Nd) scattering and for investigating the uncertainties of 3N observables stemming from uncertainties of the potential parameters. At the current stage we have already obtained predictions for the Nd scattering observables using the central values of the interaction parameters.
The OPE-Gaussian force is a phenomenological potential, which employs the set of operators used in the AV18 potential [5] with few additional extensions. It can be decomposed as V ( r) = V short (r)θ(r c − r) + V long (r)θ(r − r c ),
where r c =3 fm and the V long part is just the one-pion exchange force supplemented by the electromagnetic corrections in the case of the proton-proton force. The short-range force component can be written as
whereÔ n are the operators from the extended AV18 basis [5] . The radial Gaussian functions F i,n (r) depend on free parameters a i,n which together with the V i,n strength parameters are fixed from the NN data. It is worth mentioning that authors of Ref. [4] carefully analyzed the existing NN data and constructed the "3σ self-consistent" database which was necessary to obtain statistical uncertainties of the free potential parameters. Working within the formalism of the Faddeev equation [6] we studied Nd elastic scattering up to incoming nucleon laboratory energy E=200 MeV. We confirm good behaviour of the new potential and exemplify this in Fig. 3 for E=13 MeV. We compare there predictions for various observables, obtained with the OPE-Gaussian force or with the AV18 interaction, and observe very good agreement between predictions based on both models. This is a starting point for our plans to estimate theoretical uncertainties for these observables. , the nucleon analyzing power A Y (N) and the deuteron analyzing powers iT 11 and T 21 for the Nd scattering at E=13 MeV. The black dashed (the red solid) curve represents the AV18 (the OPEGaussian) predictions. Data for the A Y (N) are from Ref. [7] .
